Peach (Prunus persica L. Batsch) is a climacteric fruit that ripens after harvest, prior to human consumption. Organic acids and soluble sugars contribute to the overall organoleptic quality of fresh peach; thus, the integrated study of the metabolic pathways controlling the levels of these compounds is of great relevance. Therefore, in this work, several metabolites and enzymes involved in carbon metabolism were analysed during the post-harvest ripening of peach fruit cv 'Dixiland'. Depending on the enzyme studied, activity, protein level by western blot, or transcript level by quantitative real time-PCR were analysed. Even though sorbitol did not accumulate at a high level in relation to sucrose at harvest, it was rapidly consumed once the fruit was separated from the tree. During the ripening process, sucrose degradation was accompanied by an increase of glucose and fructose. Specific transcripts encoding neutral invertases (NIs) were up-regulated or down-regulated, indicating differential functions for each putative NI isoform. Phosphoenolpyruvate carboxylase was markedly induced, and may participate as a glycolytic shunt, since the malate level did not increase during post-harvest ripening. The fermentative pathway was highly induced, with increases in both the acetaldehyde level and the enzymes involved in this process. In addition, proteins differentially expressed during the post-harvest ripening process were also analysed. Overall, the present study identified enzymes and pathways operating during the post-harvest ripening of peach fruit, which may contribute to further identification of varieties with altered levels of enzymes/metabolites or in the evaluation of post-harvest treatments to produce fruit of better organoleptic attributes.
Introduction
Fleshy fruits undergo ripening processes in which the biochemistry and physiology of this organ are drastically altered. During this process, fruits are transformed into palatable products for consumers. Although the specific biochemical programmes during this phenomenon vary among the different species, the changes typically observed include modification of colour, textural alteration, and modification of sugars, organic acids, and volatile compounds that affect nutritional quality, flavour, and aroma (Giovannoni, 2004) . These developmental changes take place in both climacteric and non-climacteric fruits; however, the level of ethylene and the response to the hormone are different in these types of fruits.
Tomato (Solanaceae family) has been widely used as the primary model system for studying the development and ripening process of fleshy fruits. Therefore, a large platform of tools for functional genomics of the ripening process has been developed for this fruit. A combination of metabolic and transcriptional profiling has been applied to tomato fruit, which indicated that a large proportion of the regulation of metabolism during fruit ripening occurs at the post-transcriptional level (Carrari and Fernie, 2006; . Nevertheless, some correlations between specific transcripts and metabolites were identified, which could provide potential candidates genes for modifying metabolite contents (Carrari and Fernie, 2006; .
On the other hand, the Rosaceae family contains a number of important fruit-producing crops; some examples of fruits belonging to this family are apple, cherry, strawberry, and peach, among others. Peach (Prunus persica L. Batsch) is a climacteric fruit whose ripening process is controlled by ethylene. This hormone causes increased respiration, and changes in the chemical composition and the physical characteristics of the fruit. Recently, microarray transcriptome profiling has been applied to peach fruit in order to identify genes involved in the transition from the pre-climacteric to the climacteric phase (Trainotti et al., 2006) , genes controlling chilling injury (Ogundiwin et al., 2008) , genes that respond to jasmonate (Ziosi et al., 2008) , or genes involved in woolliness (González-Agü ero et al., 2008) .
From some of the peach transcriptomic profiling studies, it has been highlighted that changes in metabolic pathways represent an important feature of the ripening syndrome, as a marked increase of up-regulated genes encoding proteins with enzymatic activity has been observed (Trainotti et al., 2006) . In relation to this, as organic acids and soluble sugars are important attributes of fruit flavour and contribute to the overall organoleptic quality of fresh peaches, the identification of key enzymes involved in the metabolism of these compounds during ripening is of great interest. Nevertheless, an integrated study of the metabolic pathways controlling sugar and organic acids levels has not been performed yet, in particular combining protein and transcript levels with activity levels of enzymes involved in the metabolism of these compounds. Therefore, the aim of the present study was to identify enzymes involved in carbon metabolism during the peach ripening process after harvest in order to establish further relationships between these enzymes and the chemical parameters governing peach quality. As peach fruits are able to ripen after harvest, it was of interest to study the changes that occur in metabolism during this particular process, which usually takes place prior to human consumption of the fruits.
Materials and methods

Plant material
Assays were conducted with peach fruit (P. persica L. Batsch) cv 'Dixiland' grown in the Estació n Experimental Agropecuaria INTA, San Pedro, Argentina (Budde et al., 2006) . Samples were taken in 2002/2003 and the experiments were repeated with samples from 2004/2005 . The flesh firmness of the fruits used in this work at harvest was typically 52.166.5 N (Fig. 1A, Table 2 ), which corresponded to ;93 days after bloom. Immediately after Fig. 1 . Relationship between ethylene production and fruit firmness at different stages after harvest. (A) Ethylene production and firmness were measured in 'Dixiland' peaches immediately after harvest (0) or when they had been kept at 20°C for 1, 3, 5, and 7 d. Values of ethylene production are expressed as ll of ethylene produced per kg of fresh weight per hour. Values represent the mean 6SD, n¼5 for ethylene content and n¼15 for firmness determinations. (B) Expression analysis of ACO1 in peach fruit during post-harvest ripening determined by QRT-PCR. Fruits were collected at 52.1 N mean firmness, allowed to ripen at 20°C, and analysed immediately after harvest (0) and after 3 d and 7 d. The means of the results obtained, using three independent RNAs as a template, are shown. Each reaction was normalized using the C t values corresponding to P. persica actin mRNA (Table 1) . The y-axis shows the fold difference in the ACO1 level relative to the amount found in peaches after harvest (0). Standard deviations are shown. Bars with the same letters are not significantly different (P < 0.05).
harvest, fruits were manually selected for uniformity of colour, size, and firmness, and kept in a chamber at 20°C and 90% relative humidity for 7 d. During the ripening process, between 20 and 30 fruits were used for colour, firmness, soluble solid content, and acidity measurements on the specified days after harvest (DAH 
Fruit quality traits determination
Flesh firmness was evaluated with a penetrometer (Effegi 327, Italy) with a 7.9 mm tip and expressed in Newtons (N). Measurements were carried out on two opposite sides of each individual fruit after removal of the peel. Soluble solid content (SSC) was measured with a refractometer (Atago N1 0-32°C). Ground colour was measured on the greenest portion of the peel free of red blush, and flesh colour was determined on the equatorial zone of a longitudinal section with a chromameter (Minolta CR 300) using the L*a*b* colour system (Budde et al., 2006) . Titratable acidity (TA) was determined in a pool of three fruits by titration with 0.1 M NaOH, and expressed as mM.
Ethylene measurement
Ethylene synthesis was measured in a pool of three fruit enclosed in 3.0 l sealed jars (Budde et al., 2006) . After 1 h at 20°C, 3 ml air samples were withdrawn from the jars and injected through a sampling valve with a 1 ml loop into a gas chromatograph (Hewlett Packard 5980 Series II), equipped with a flame ionization detector and with a 3.048 m Porapack Q column (80/100). The nitrogen carrier gas flow rate was 30 ml min À1 , the hydrogen carrier flow was 30 ml min À1 , and the air flow was 400 ml s À1 . The injector, oven, and detector temperatures were 100, 100, and 250°C, respectively.
Metabolite measurements
D-Glucose, D-fructose, sucrose, malic acid, and citric acid were determined using Boehringer-Mannheim UV-test enzymatic kits, as described by the manufacturer. Sorbitol was determined enzymatically using sorbitol dehydrogenase (SDH) from sheep (Sigma, St Louis, MO, USA) according to Bergmeyer et al. (1974) . Samples were ground in a mortar with liquid N 2 , and deproteinized with perchloric acid in order to prevent further conversion of metabolites by endogenous enzymes (Bergmeyer et al., 1974) . The level of each metabolite is expressed as g per 100 g of fresh peach mesocarp. Calibration curves with known concentrations of the metabolites were performed. Known amounts of each metabolite were also included in the fruit samples, and the final concentrations were measured in order to assess the presence of interference. Ethanol and acetaldehyde were measured in crude extracts prepared by homogenizing 5 g of the flesh with 40 ml of 0.1 N HCl at 4°C. Aliquots of 10 ml were transferred to sealed test tubes and incubated at 70°C for 60 min. A 1 ml sample of air was injected into a gas chromatograph (Hewlett Packard 5980 Series II), equipped with a flame ionization detector and with a 3.048 m Porapack Q column (6 ft31.25 in o.d.). The nitrogen carrier gas flow rate was 30 ml min À1 , the hydrogen flow was 30 ml min À1 , and air flow was 400 ml s À1 . Injector, oven, and detector temperatures were 100, 160, and 200°C, respectively.
Protein extraction
Total protein from the different samples of mesocarp tissue was extracted using a buffer containing 400 mM TRIS-HCl, pH 8.5, 5 mM EDTA, 10 mM MgCl 2 , 10 mM b-mercaptoethanol, 20% (v/v) glycerol, 10 mM ascorbic acid, 1 mM phenylmethylsulphonyl fluoride (PMSF), 1% (v/v) Triton X-100, 10 lg ml À1 leupeptin, and 10 lg ml À1 chymostatin in a buffer:fresh tissue ratio of 0.3 ml:1 g. A 10 ll aliquot of protease inhibitor cocktail (Sigma) was used per g of fresh tissue. In the case of the crude extract prepared for invertase measurements, 400 mM HEPES-NaOH, pH 8.8, was used instead of TRIS-HCl, pH 8.5. In all cases, the samples were completely ground in a cold mortar in the presence of insoluble polyvinyl polypyrrolidone (PVPP, Sigma) and centrifuged at 10 000 g for 15 min at 4°C. The supernatant of crude extracts was desalted, according to Penefsky (1977) , in a cold Sephadex G-25 column pre-equilibrated with a buffer of the same composition as the extraction buffer but containing 100 mM TRIS-HCl, pH 7.5 or 100 mM HEPES-NaOH, pH 8.5. These crude extracts were used for activity measurements.
Protein extraction under denaturing conditions
Approximately 2 g of mesocarp material was ground in liquid nitrogen using a ceramic mortar and pestle, sand, and PVPP, transferred to an SS34 tube containing 10 ml of extraction buffer [100 mM TRIS-HCl, pH 8.8, 2% (w/v) SDS, 0.4% (v/v) 2-mercaptoethanol, 10 mM EDTA, 1 mM PMSF, 0.9 M sucrose] and 10 ml of phenol saturated with ice-cold TRIS-HCl, pH 8.8, and then agitated at 4°C for 30 min. The aqueous phases were back-extracted with extraction media and phenol by vortexing. Tubes were centrifuged at 5000 g for 15 min at 4°C and the phenolic phases were transferred to a new tube leaving the interface intact. Proteins were precipitated with 5 vols of cold 0.1 M ammonium acetate in methanol at -20°C overnight. The samples were collected by centrifugation at 20 000 g at 4°C for 20 min. Next, the pellet was washed with 1.5 ml of cold ammonium acetate/methanol and twice with cold 80% (v/v) acetone. A final wash used 1.5 ml of cold 70% (v/v) ethanol. Finally, the pellet was resuspended in 0.25 M TRIS-HCl, pH 7.5, 2% (w/v) SDS, 0.5% (v/v) 2-mercaptoethanol, and 0.1% (v/v) bromophenol blue, and boiled for 2 min for SDS-PAGE. Alternatively, protein pellets were resuspended
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Protein quantitation
Protein concentration was determined in crude extracts by the method of Bradford (1976) using the Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA, USA) and bovine serum albumin as standard.
Enzyme assays
The activity of the enzymes was measured spectrophotometrically in a final volume of 1 ml at 30°C and 340 nm using a UNICAM Helios b spectrophotometer (UNICAM Instruments, Cambridge, UK). The reaction mixtures used for each enzyme were as given below. Alcohol dehydrogenase (ADH): 85 mM MES, pH 6.5, 5 mM acetaldehyde, and 0.15 mM NADH (Kato-Noguchi, 2000) .
ATP-dependent phosphofructokinase (PFK): 50 mM TRIS-HCl, pH 7.5 with 5% (w/v) polyethylene glycol (PEG), 5 mM MgCl 2 , 0.5 mM ADP, 1 mM dithiothreitol (DTT), 4 mM fructose-6-phosphate, 0.15 mM NADH, 0.2 U of aldolase, 1 U of triose phosphate isomerase (TPI), and 0.1 U of glycerol-3-phosphate dehydrogenase (G3PDH), starting the reaction with ATP (Lara et al., 2004) .
Fructokinase (FK): 0.1 M TRIS-HCl, pH 8.5, 5 mM MgCl 2 , 0.5 mM NAD, 1.5 U of phosphoglucose isomerase, 10 mM fructose, 2 mM ATP, and 2 U of glucose-6-phosphate dehydrogenase (G6PDH). The reaction was started with ATP (Mustroph and Albrecht, 2003) .
Glucokinase (GK): 0.1 M TRIS-HCl, pH 8.5, 5 mM MgCl 2 , 0.5 mM NAD, 10 mM glucose, 2 mM ATP, and 2 U of G6PDH. The reaction was started with ATP (Mustroph and Albrecht, 2003) .
Invertases: neutral invertase (NI) activity was assayed in an incubation mixture containing 200 mM HEPES-NaOH, pH 7.5, 200 mM sucrose, and an aliquot of the protein extract to be tested. The mixture was incubated at 30°C for different times, and the progress of the reaction was followed by detecting the amount of glucose produced using the glucose oxidase/horseradish peroxidase assay. Acid invertase (AI) was assayed in the conditions described above, except that the reaction mixture contained 100 mM acetic acid/sodium acetate buffer, pH 5.0. In the case of AI, prior to glucose determination, the aliquot was neutralized (Vargas et al., 2007) .
Lactate dehydrogenase (LDH): 50 mM NaPi, pH 7.5, 10 mM pyruvate, 0.2 mM NADH and, 1 mM methylpyrazole, which inhibits pyruvate decarboxylase (PDC) activity (Kato-Noguchi, 2000) .
NAD-malate dehydrogenase (NAD-MDH) was assayed in the oxaloacetate (OAA) reduction direction using a 50 mM imidazole, pH 6.8, medium containing 1 mM OAA and 0.15 mM NADH (Lara et al., 2004) .
NAD-malic enzyme (NAD-ME): 50 mM HEPES, pH 7.3, 2 mM NAD, 2 mM L-malate, 5 mM DTT, 75 lM CoA, 5 mM MgCl 2 , 5 mM MnCl 2 , and 10 U of malate dehydrogenase (MDH). After the rapid increase in the absorbance at 340 nm, the subsequent steady increase is attributable to the decarboxylation of L-malate by NAD-ME .
NADP-ME: 50 mM TRIS-HCl, pH 7.5, 0.5 mM NADP; 10 mM L-malate, and 10 mM MgCl 2 . The reaction was started with malate (Detarsio et al., 2003) .
Pyruvate decarboxylase (PDC): 85 mM MES, pH 6.5, 25 mM NaCl, 1 mM MgCl 2 , 2 mM DTT, 2 mM thiamine pyrophosphate, 0.15 mM NADH, 50 mM oxamate, 3 U of ADH, and 10 mM pyruvate, where oxamate acts as an inhibitor of LDH activity. Crude extracts were preincubated for 30 min in the reaction medium in the absence of pyruvate, NADH, and ADH (Rivoal et al., 1990) .
Phosphoenolpyruvate carboxylase (PEPC): 100 mM TRIS-HCl, pH 8.0, 20% (v/v) glycerol, 10 mM MgCl 2 , 10 mM NaHCO 3 , 4 mM PEP, 0.15 mM NADH, and 10 U of MDH (Lara et al., 2003) .
Phosphoenolpyruvate carboxykinase (PCK): 50 mM HEPES, pH 7.3, 4 mM PEP, 10 mM NaHCO 3 , 2.5 mM MgCl 2 , 2.5 mM MnCl 2 , 0.15 mM NADH, 10 U of MDH, and 3 mM ADP (Lara et al., 2004) .
Pyruvate kinase (PK): 25 mM HEPES, pH 7.2, 20 mM KCl, 10 mM MgCl 2 , 2 mM PEP, 0.15 mM NADH, 0.5% (w/v) PEG, 2 mM DTT, 1 mM ADP, and 0.4 U of LDH. The reaction medium was previously bubbled with helium in order to remove the bicarbonate and avoid interference by endogenous PEPC and MDH. Enzymatic activity was corrected for interference by PEP-phosphatase activity by omitting ADP from the reaction mixture (Falcone et al., 2006) . PP i -dependent phosphofructokinase (PFP): 50 mM TRISHCl, pH 7.5, with 5% (w/v) PEG, 5 mM MgCl 2 , 0.5 mM NaPP i , 1 mM DTT, 4 mM fructose-6-phosphate, 2 lM fructose-2,6-bisphosphate, 0.15 mM NADH, 0.2 U of aldolase, 1 U of TPI, and 0.1 U of G3PDH, starting the reaction with NaPPi (Lara et al., 2004) .
UDP-glucose pyrophosphorylase (UGPase): 80 mM HEPES, pH 7.8, 5 mM MgCl 2 , 0.6 mM NAD, 1 mM UDP-glucose, 0.5 mM PPi, 1 U of G6PDH, and 1 U of phosphoglucomutase. The reaction was started by addition of PPi (Sowokinos et al., 1997) .
Gel electrophoresis
SDS-PAGE was performed with 10% (w/v) polyacrylamide gels according to Laemmli (1970) . Proteins were visualized with Coomassie blue or electroblotted onto a nitrocellulose membrane for immunoblotting according to Burnette (1981) . Bound antibodies were located by linking to alkaline phosphatase-conjugated goat anti-rabbit IgG according to the manufacturer's instructions (Bio-Rad, Hercules, CA, USA). The antibodies used for detection were the following: 1:200 anti-Amaranthus viridis PEPC (Colombo et al., 1998) ; serum against the a-subunit of NAD-ME (diluted 1:1000) from A. hypochondriacus (Long et al., 1994) ; 1:1000 antiZea mays L. pyruvate orthophosphate dikinase (PPDK; Chastain et al., 2000) ; 1:200 anti-cucumber PCK (Walker et al., 1995) , and 1:10 anti-Z. mays recombinant NADP-ME (Saigo et al., 2004) . The molecular masses of the polypeptides were estimated from a plot of the log of molecular mass of marker standards versus migration distance. Densitometric analysis of the bands detected in at least three independent blots was performed for each enzyme.
Protein labelling with dyes
To perform 2D-DIGE experiments, proteins were labelled with Alexa 610 (excitation, 612 nm; emission peak, 628 nm) or Alexa 532 (excitation, 532 nm; emission peak, 554 nm) after adjusting the pH to 8.5 using the supplier's instructions (Molecular Probes Inc., Invitrogen Ltd). Proteins extracted under denaturing conditions (as described above) and dissolved in 2D-DIGE buffer were labelled at the ratio of 100 lg of protein to 20 nmol of Alexa protein minimal labelling dye in dimethylformamide. After vortexing, samples were incubated for at least 2 h on ice. The reaction was quenched by addition of 1 ll of 1 mM lysine and 20 mM DTT, and 4% (v/v) isoelectrofocusing (IEF) buffers pH 3-10 or 5-8 was added (Amersham Biosciences).
Two-dimensional gel electrophoresis
A 100 lg aliquot of Alexa 532-labelled sample was mixed with 100 lg of Alexa 610-labelled protein prior to 2D gel electrophoresis. Protein samples from fruits at 0, 3, and 7 DAH were analysed, mixing differentially labelled 0 DAH and 3 DAH proteins or 3 DAH and 7 DAH proteins. Each mixture was run al least in triplicate using proteins extracted from different biological samples. A Protean IEF Cell instrument (Bio-Rad) was used for IEF with pre-cast immobilized pH gradient (IPG) strips (pH 4-7, linear gradient, 17 cm; Bio-Rad). Samples of 300 ll containing the labelled proteins were loaded by in-gel rehydration. The strips were subjected to IEF using the following program: 12 h at 50 V; 1 h at 500 V; 1 h at 1000 V, and 8000 V until a final voltage of 68 000 V was reached.
Focused gel strips were equilibrated in SDS equilibration buffer (375 mM TRIS-HCl, pH 8.0, 20% glycerol, 2% SDS, and 6 M urea), first with buffer containing 130 mM DTT for 15 min and afterwards with buffer containing 135 mM iodoacetamide for 15 min. The strips were washed briefly with running buffer, loaded on top of a prepared SDS-PAGE Laemmli gel cast with 15% acrylamide, and covered with 0.5% agarose. Proteins were separated at 15 mA per gel for 12-15 h at 15°C using a Hoefer TMSE 600, 18316 cm (Amershan, Uppsala, Sweden), and the gels were scanned using a BioChemi System UVP BioImaging System. Data were saved in tiff format. To excise samples for mass spectrometric analysis, a preparative gel loaded with 1 mg of protein was run.
Gel image analysis
Images were analysed using Image Master 2D-Platinum (GE Healthcare) using the protocol described in Casati et al. (2006) .
In-gel digestion, mass spectrometry, and database searching
Before the spots were removed, the gel was stained using Coomassie blue stain. Gel spots of interest were manually excised from the gels and sent to CEBIQUIEM facilities (Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Argentina) for further analyses. Spots were subjected to in-gel digestion (donatello.ucsf.edu/ingel.html) with trypsin according to Casati et al. (2006) . The mass spectrometric data were obtained using a MALDI-TOF-TOF spectrometer, Ultraflex II (Bruker). The spectra obtained were submitted for National Center for Biotechnology Information (NCBI) database searching using MASCOT (www.matrixscience.com; Perkins et al., 1999) and analysed as previously described (Casati et al., 2006) . Protein functional classification was carried out according to literature data.
RNA isolation and RT-PCR
Total RNA from different samples of peaches was isolated from 4 g of tissue using the method described by Meisel et al. (2005) . The integrity of the RNA was verified by agarose electrophoresis and by the isolation and sequence determination of the complete coding sequences for some known transcripts (results not shown). The quantity and purity of RNA were determined spectrophotometrically. First-strand cDNA was synthesized with MoMLV-reverse transcriptase following the manufacturer's instructions (Promega, Madison, WI, USA) and using 3 lg of RNA and oligo(dT).
Quantitative real-time PCR
Relative expression was determined by performing quantitative real-time PCR (QRT-PCR) in an iCycler iQ detection system with the Optical System Software version 3.0a (BioRad), using the intercalation dye SYBRGreen I (Invitrogen) as a fluorescent reporter, with 2.5 mM MgCl 2 , 0.5 lM of each primer, and 0.04 U ll À1 of GoTaq Polymerase (Promega). PCR primers were designed based on peach fruit cDNA sequences published in GenBank and P. persica expressed sequence tag (EST) databases (TIGR Plant Transcript Assemblies; http://plantta.tigr.org; Childs et al., 2007) , with the aid of the web-based program 'primer3' (http://www. frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) in order to produce amplicons of 151-226 bp in size (Table 1 ). The sequences of the primers and amplicons were analysed further using peach EST databases (ESTree Database, http://www.itb.cnr.it/estree/, Lazzari et al., 2008;  and GDR Genome Database for Rosaceae, http://www.bioinfo.wsu. edu/gdr/, Jung et al., 2008) . A 10-fold dilution of cDNA obtained as described above was used as template. PCR controls were performed in the absence of added reverse transcriptase to ensure RNA samples were free of DNA contamination. Cycling parameters were as follows: initial denaturation at 94°C for 2 min; 40 cycles of 96°C for 10 s, 58°C for 15 s and 72°C for 1 min; and 72°C for 10 min. Melting curves for each PCR were determined by measuring the decrease of fluorescence with increasing temperature (from 65°C to 98°C). The specificity of the PCRs was confirmed by melting curve analysis using the appropriate software as well as by agarose gel electrophoresis of the products. Relative gene expression was calculated using the 'Comparative 2 ÀDDCT ' method (Livak and Schmittgen, 2001 ) and actin (Table 1) as reference gene. Each RNA sample was run in triplicate and repeated in at least two independent sets of treatments for at total six replicates per gene per sample.
Statistical analysis
Data presented were analysed using one-way analysis of variance (ANOVA). Minimum significant differences were calculated by the Bonferroni, Holm-Sidak, Dunett, and Duncan tests (a¼0.05) using the Sigma Stat Package.
Results
Quality traits of peach fruit during post-harvest ripening
Peaches cv 'Dixiland' used in the present work were typically harvested at 52.1 N mean firmness and allowed to ripen at 20°C until reaching firmness values <15 N, which usually occurred at 7 DAH (Fig. 1A, Table 2 ). The fruits displayed a typical softening behaviour, with an initial stage of slow decrease in firmness, followed by a rapid loss of firmness (melting stage). During the softening process, peaches also displayed colour changes in both the pulp and the ground of the peel, evolving from a green-yellowish to a red-yellowish colour (Table 2) . On the other hand, the SSC was not modified during the ripening process (Table 2) .
Ethylene evolution was measured during post-harvest ripening of peach fruit (Fig. 1A) . Substantial ethylene evolution began at 1 DAH, with a rapid increase until 3 DAH. After this time, ethylene evolution was practically constant, or increased slowly until 7 DAH (Fig. 1A) . The pattern of ethylene evolution is in accordance with the ;12-fold increase in the ACO1 (ACC oxidase 1 transcript) level measured by QRT-PCR (Fig. 1B) at 3 DAH. In this way, 3 DAH can be indicated as the ethylene climacteric peak, deduced from the increase both in ethylene and in the ACO1 gene expression.
Sugars, organic acids, and fermentation products were measured throughout the post-harvest ripening process of peach fruit (Fig. 2) . A decrease in sucrose content was measured during post-harvest ripening, with statistical significance at 7 DAH, with ;77% of the sucrose content measured immediately after harvest (Fig. 2) . Together with the decrease in sucrose levels, an increase in both fructose and glucose contents was measured, reaching the highest values at 7 DAH (Fig. 2) . With regards to the sorbitol content, the total amount in a peach at harvest was low in comparison with the content of sucrose or glucose and fructose (nearly 30% of the content of free fructose or 
In the last column, the length of the product amplified by the corresponding primers is specified. glucose; Fig. 2 ). However, a 4-fold decrease in the level of this metabolite was found during the ripening process after harvest (Fig. 2) . Regarding the content of organic acids, a significant increase in the citric acid level was observed during postharvest ripening, the fruits presenting ;1.6 times higher levels of citrate at 7 DAH than immediately after harvest (Fig. 2) . On the other hand, malic acid levels did not display significant variations among the analysed samples (Fig. 2) . The total TA of the fruits did not change significantly during the post-harvest ripening process (Table 2) .
Finally, the pronounced increase in acetaldehyde levels that takes place during the post-harvest ripening of the peach fruit is notable: almost 5-fold at 3 DAH (Fig. 2) . Nevertheless, this increase was not accompanied by an increase in ethanol levels, the amounts of which were very low and did not display a significant variation among the samples (not shown).
Enzymes involved in sugar metabolism during the postharvest ripening process of peach fruit
Several enzymes involved in sugar metabolism were analysed in peach fruit during the ripening process by activity measurements or, alternatively, by QRT-PCR (Figs 3, 4) .
With regards to enzymes involved in sucrose degradation, four putative NI transcripts (called NI1-NI4) can be deduced from peach EST sequences. The four NI sequences were detected by RT-PCR using peach fruit cDNA as template. Their expression levels were analysed by QRT-PCR during the ripening process ( Fig. 3 ; primers for each NI are given in Table 1 ). A nearly 10-fold increase in the transcript level of NI3 was found at 3 DAH, followed by a slight reduction at 7 DAH. Nevertheless, a 7-fold increase of NI3 transcript at 7 DAH in relation to the level found at harvest was maintained (Fig. 3) . The level of NI2 also increased during ripening, although to a lesser extent than NI3 (Fig. 3) . In contrast, a significant decrease in the levels of NI1 and NI4 was detected during the post-harvest ripening process of peach fruits (Fig. 3) . With regards to NI activity, no significant changes in total activity were found (Fig. 4) , while a decreased in AI activity was observed at 7 DAH (Fig. 4) . In addition to the invertase pathway, sucrose can also be metabolized by sucrose synthase (SS). In this regard, a nearly 5-fold decrease in SS transcript level was detected during the ripening process of peach fruit (Fig. 3) . UGPase activity (typically 12.960.3 U mg À1 ) did not change significantly among the samples analysed (not shown).
Sorbitol can also be used as fuel during the ripening process. Although four putative SDH transcripts can be deduced from peach EST sequences, only one could be detected by QRT-PCR in peach fruit (not shown), which corresponds to the SDH transcript already characterized in peach (Yamada et al., 2001) . The statistical analysis of the data from QRT-PCR indicated that no significant changes in the level of this SDH occur during the ripening process (Fig. 3) . On the other hand, SDH activity could not be Carbon metabolism of peach fruit during ripening | 1829 measured in the peach fruit extracts, even if high concentrations of substrates and crude extract were used. This could be due to the fact that this enzyme may lose its activity when the samples are kept at low temperature, as previously suggested (Lo Bianco and Rieger, 1998) . In addition, a sorbitol oxidase activity has also been described in peach (Lo Bianco and Rieger, 2002) , although the corresponding cDNA has not yet been isolated from plant tissues.
With respect to the enzymes involved in the further metabolization of glucose and fructose, a significant increase in GK activity was detected throughout the postharvest ripening process of peach fruit (Fig. 4) . With regards to FK, no significant change in activity was measured (Fig. 4) , while a significant decrease in the level of FK transcript was detected by QRT-PCR during the ripening process (Fig. 3) , probably reflecting a great stability of the protein. No significant changes in the activity levels of enzymes catalysing key steps of the glycolytic pathway such as PFK, PFP and PK were observed during the peach softening process after harvest (Fig. 4) .
Finally, enzymes involved in the fermentative pathway were analysed throughout the post-harvest ripening process of peach fruit. In agreement with the increased levels of acetaldehyde (Fig. 2) , a pronounced increase (4-fold) in PDC activity was detected during this process, followed by a 2-fold increase in ADH activity (Fig. 4) . In addition, LDH activity, although being half of that of PDC and ADH in fruits recently harvested, displayed a slight increase at 7 DAH (Fig. 4) . Fig. 4 . Activity of sucrose degradation-, glycolytic-and fermentationrelated enzymes. Neutral (NI) and acidic invertase (AI), enzymes involved in the key steps of glycolysis (GK, PFK, PFP, PK, and FK), and enzymes involved in alcoholic (PDC and ADH) and lactic (LDH) fermentation were measured. Activity is expressed in International units (U) per mg of total soluble protein in all cases, except for invertases, where the activity is expressed in mU per mg of total soluble protein. For each enzyme, bars with the same letters are not significantly different (P < 0.05). Values represent the mean of at least six independent determinations in different fruits collected at different times after harvest 6SD. Fig. 3 . Expression analysis of transcripts of enzymes involved in carbon metabolism in peach fruits during ripening analysed by QRT-PCR. Analyses were carried out on RNA isolated from peaches at different stages after harvesting. Fruits were collected from the tree and analysed immediately after harvest (0) and after 3 d and 7 d at 20°C. The means of the results obtained, using three independent RNAs as a template, are shown. Each reaction was normalized using the C t values corresponding to P. persica actin mRNA (Table 1) . The y-axis shows the fold difference in a particular transcript level relative to its amount found in peaches after harvest (0). Standard deviations are shown. For each transcript analysed, bars with the same letters are not significantly different (P < 0.05).
Enzymes involved in organic acid metabolism during the post-harvest ripening process of peach fruit Several enzymes involved in organic acid metabolism were also analysed during the ripening process of peach fruit by either activity measurements or western blot analysis (Fig. 5) .
A significant increase in PEPC activity was measured during the post-harvest ripening (a 2-fold increase detected at 7 DAH; Fig. 5A ). The increase in activity was accompanied by an increase in the immunoreactive PEPC band detected by western blot analysis, which increased nearly 8-fold at 7 DAH (Fig. 5B) . PCK activity decreased at 3 DAH (Fig. 5A) , together with a decrease in the PCK immunoreactive band by western blot analysis at 7 DAH (Fig. 5B) . In this regard, two immunoreactive PCK bands with different mobility can be detected at harvest, both of which decreased during the ripening process (Fig. 5B) . A significant increase in the immunoreactive band of PPDK was detected during peach ripening, which increased nearly 5-fold at 7 DAH with respect to that at harvest (Fig. 5B) .
With regards to the malic enzymes, no significant variation in NADP-ME activity was detected during ripening (Fig. 5A) . Nevertheless, a decrease in the immunoreactive band detected by western blot was observed (Fig.  5B ). In the case of NAD-ME, no significant changes in the activity or in the immunoreactive bands detected by western blot were observed (Fig. 5A, B) . No significant change in NAD-MDH activity was detected during peach ripening (not shown).
Proteomic analysis during post-harvest ripening of peach fruits
To analyse the changes in the peach proteome during postharvest ripening, 2D-DIGE analysis was conducted using pH 4.0-7.0 strips and 15% SDS-PAGE. Preliminary electrophoretic runs were conducted with pH 3.0-10.0 strips, which revealed that the major proportion of the peach mesocarp proteins displayed isoelectric points (pIs) between 4.0 and 7.0. About 600 spots were detected on the two-dimensional electrophoresis map produced with soluble protein extracted from peach fruit after harvest, and during the post-harvest ripening process at 3 DAH and 7 DAH (Fig. 6) . Figure 6 shows the typical protein pattern obtained for the peach fruit proteome, corresponding to mesocarp protein extracted from fruit at 3 DAH.
The differential proteome was analysed by comparing the following peach samples: immediately after harvest (0) versus 3 DAH, and 3 DAH versus 7 DAH. From the 2D-DIGE analysis, five proteins showed significant variation during the post-harvest ripening process by a factor >1.5 (t-test with significance P < 0.05, Fig. 6 ). Two polypeptides decreased in samples collected at 3 DAH with respect to samples taken after harvest (0) (spots 202 and 290, Fig. 6 ) while two others spots decreased in samples taken at 7 DAH in relation to samples collected at 3 DAH (spots 341 and 367, Fig. 6 ). On the other hand, spot 418 (Fig. 6 ) was only found in samples taken at 7 DAH. Two of these proteins were identified by fingerprinting mass analysis, with spots 290 and 341 (Fig. 6) showing matches with a Ca 2+ /calmodulin-dependent Values represent the mean of at least six independent determinations in different fruits collected at different times after harvest 6SD. (B) Western blot analysis of proteins involved in malate metabolism. Western blots were obtained using antibodies against PPDK, PEPC, PCK, aNAD-ME, and NADP-ME. A 25 lg aliquot of total soluble protein was added per lane. As a control (C), 25 lg of Zea mays crude extract were loaded in the first lane for western blots revealed with antibodies against PCK, NADP-ME, and PPDK. In the case of western blots revealed with antibodies against PEPC and NAD-ME, 25 lg of Portulaca oleracea crude extract were loaded in the first lane. The molecular masses of the immunoreactive bands are shown on the right (kDa). Significant differences in the level of the immunoreactive band, assessed by densitometric analysis, of at least two gels, in relation to the amount in fruits after harvest (0), are indicated (*).
protein kinase from Ostreococcus tauri (NCBI accession number gi116060059 and Uniprot accession number Q010B4) and a eukaryotic initiation factor 4A-2 from Nicotiana plumbaginifolia (NCBI accession number gi116060059 and Uniprot accession number P41379), respectively. Identifications gave the following parameters for spots 290 and 341: (i) scores: 72 and 62 (MASCOT, MOWSE score); (ii) number of peptides identified: 13 and 11; and (iii) coverage: 19% and 36%; respectively. For the other three differential spots (202, 367, and 418, Fig. 6 ), although they produced good MALDI-TOF-TOF spectra, no protein homology could be assigned. Missing identifications could be explained by the fact that the proteins were not present in the available databases.
Discussion
In this report, a comprehensive analysis of the carbon metabolism changes occurring during post-harvest peach fruit ripening under ambient temperature is presented. First of all, the peach softening process was analysed (Fig. 1, Table  2 ), which matched the increase in the ethylene content as well as that in the expression level of ACO1. In order to perform further metabolic studies, 3 DAH and 7 DAH samples were selected, which corresponded to a partial and total loss of firmness during the ripening process, respectively (Fig. 1) .
Sugar metabolism during peach post-harvest ripening: early sorbitol utilization, induction and repression of specific invertases, and fermentation induction Sorbitol content accounted for nearly 30% of the free fructose and glucose content and just less than 10% of the sucrose levels at harvest, which indicates that it does not accumulate in peach fruit (as also previously suggested; Brooks et al., 1993) . However, sorbitol is consumed early during the ripening process, suggesting that at 3 DAH this alcohol-sugar is highly probably no longer used as carbon fuel (Fig. 2) . Sorbitol utilization is followed by sucrose degradation, which continues until the last stages of the ripening process (Fig. 2) .
In relation to the enzymes involved in sucrose utilization (Fig. 7) , the drastic decrease in the SS transcript level (Fig.  3) suggests that this alternative route of sucrose degradation is down-regulated during ripening (Fig. 7) . In contrast to the slight decrease in AI, no significant change in total NI activity is observed (Fig. 4) , which is accompanied by the specific induction as well as the repression of distinct putative NI transcripts (Fig. 3) . Although the drastic increase in NI3 (Fig. 3) does not correlate with an increase in NI activity, it may be relevant in some particular cellular compartment, in particular taking into account that the total sucrose level decreases during ripening (Fig. 2) . The decrease in NI1 and NI4 may be compensated by the induction of NI3 and NI2 (Fig. 3) . It is possible that NI2 and NI3 may display lower specific activity than NI1 and NI4 or, alternatively, the decrease in NI1 and NI4 may be greater at the protein level than at the transcript level. During peach development, apoplastic and symplastic sucrose and sorbitol phloem loading has been suggested (Moing et al., 1997; Nadwodnik and Lohaus, 2008) , both carbon forms being used for fruit growth (Lo Bianco et al., 1999; Lo Bianco and Rieger, 2002) . Sucrose accumulation during development is facilitated by the disappearance of hydrolytic enzymes (invertases and SS), with no significant increase in synthesis (Vizzotto et al., 1996) . Recently, the expression of one NI transcript (PpNI1, which is homologous to NI1 in the present work, Fig. 3 ) was studied during peach development, and a relationship with sugar accumulation was found (Nonis et al., 2007) . These results and the data shown in the present work reinforce the idea that NIs are under a tight developmental expression and that they might play important roles in the sugar composition of sink organs. Moreover, the recent discovery of novel physiological functions (Roitsch and González, 2004) and compartmentalization of invertases (Szarka et al., 2008; Vargas et al., 2008) suggests this enzyme as a clear candidate for mediating several aspects of fruit metabolism, and future studies will be required to elucidate their physiological significance in fruit ripening. . Differential proteome patterns of peach fruit during the post-harvest ripening process at 20°C. Samples were analysed at harvest, and at 3 DAH and 7 DAH. A typical 2D-DIGE gel is presented showing the spot distribution of proteins from peach fruit at 3 DAH. The protein spots with significant changes by a factor >1.5 in intensity were subjected to further analysis and are marked on the gel and numbered. The table shows the pI and molecular mass of each differential polypeptide as well as the ratio of decrease of the corresponding comparison. An asterisk indicates that the spot was only found in the 7 DAH sample. A white circle indicates that the spot is less abundant in samples from 3 DAH than from 0 DAH, while a black circle indicates that the spot is more abundant in 3 DAH samples than in 7 DAH samples. A discontinuous circle shows the place where spot 418 appears in gels run with samples collected at 7 DAH.
With regards to the further metabolization of glucose and fructose, an induction of GK was observed (Fig. 4) along with a decrease in FK transcripts (Fig. 3) . The lack of modification of PFK, PFP, and PK activities (Fig. 4) and the increase in free glucose and fructose contents during ripening (Fig. 2) suggest that these sugars are synthesized at higher rates than those at which they are consumed.
The increase in the fermentative pathway observed ( Figs  2, 4) indicates that the fruit cells sense a hypoxic environment caused by a high rate of O 2 consumption and/or by O 2 restriction of diffusion to the cells. The accumulation of acetaldehyde was considered as part of the ripening syndrome in pear (Bonghi et al., 1999) . This metabolite may be beneficial during the post-harvest period in leading to less chilling injury through the inhibition of ethylene production and to retardation in the senescence process (Pesis, 2005) . Thus, the beneficial effects of the increase in acetaldehyde content must be studied, comparing them with other varieties of peach presenting more or less induction of the fermentative pathway.
Organic acid metabolism during peach post-harvest ripening: proposed role for PEPC and decarboxylating enzymes as a glycolytic shunt During development, peach fruit undergoes a continuous accumulation of organic acids, which are used as respiratory substrates (Etienne et al., 2002) . The predominant organic Fig. 7 . Simplified metabolic scheme and changes observed during post-harvest ripening of peach fruit. The scheme shows the reactions analysed in the present study involving the metabolism of sugars and major organic acids. Only metabolites that are used as substrates for the next enzyme reaction are shown. The principal metabolites and enzymes that are increased during the ripening process are indicated in bold (metabolites are underlined and enzymes appear on a dark background), while the metabolites and enzymes that decrease the most during this process are shown in grey (metabolites are in italics and enzymes are on a white background). The enzyme invertase is highlighted since specific transcripts encoding this enzyme were induced and others were repressed. The modification of the enzymes was measured either by transcript, protein, or activity level depending on the enzyme. ALD, aldolase; CAC, citric acid cycle; TP, triose-P; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F1,6BP, fructose-1,6-bisphosphate; OAA, oxaloacetate.
acids in ripened peach fruit are malic and citric acids, which are important components of the fruit flavour and whose proportions vary depending on the cultivar (Moing et al., 1998 (Moing et al., , 1999 . Thus, fruits offer a unique model to study the regulation of processes related to metabolism and storage of organic acids in plants, summarized in Fig. 7 .
Although NADP-ME activity did not change significantly during ripening (Fig. 5A) , a decrease in the immunoreactive band was detected (Fig. 5B) . Several NADP-ME isoforms with very distinctive catalytic properties have been detected in C 3 plants (Gerrard Wheeler et al., 2008; Muller et al., 2008) ; and in tomato and grape fruits two full-length cDNAs encoding NADP-ME have been identified (Drincovich et al., 2001) . Thus, different peach NADP-MEs with distinct reactivity against the antibodies used may explain the results obtained.
The increase in PEPC activity and immunoreactive protein (Fig. 5) , together with the finding of no modifications in malate levels (Fig. 2) , may indicate that this enzyme provides, together with a decarboxylating malate enzyme (such as ME), a glycolytic bypass for PK (Fig. 7) . In addition, the increase in GK activity may lead to an increase in the levels of glucose-6-phosphate, a metabolite that has been reported to act as a positive effector of PEPC (Vidal and Chollet, 1996) . This PEPC-MDH-ME glycolytic bypass is important in several physiological situations when PK activity becomes ADP limited, such as during Pi deprivation (Plaxton, 1996) . Although PK activity did not change significantly during the peach fruit ripening process (Fig. 4) , it is highly probable that there is an increase in pyruvate demand for the fermentative pathway (Fig. 7) . Thus, the induction of this bypass will, in turn, maintain pyruvate production for this pathway (Fig. 7) . The increase in PPDK immunoreactive protein (Fig. 5B) , which may also contribute to the PK bypass ( Fig. 7) , is also notable. PPDK has been reported to increase under low O 2 availability (Huang et al., 2005) . Although, distinct PPDK isoforms have been detected in C 3 plants, where they may play several roles (Parsley and Hibberd, 2006) , PPDK was not detected in other fleshy fruits such as berries (Famiani et al., 2005) . On the other hand, the decrease in PCK activity and immunoreactive protein (Fig. 5 ) may avoid a futile cycle between OAA and PEP via PEPC and thus the decarboxylation of OAA (Fig. 7) . The role of PCK in the catabolism of organic acids in certain fleshy fruits has been previously suggested (Famiani et al., 2005) .
With respect to citrate, the increase in its level may be due to a decrease in O 2 availability, which may limit NAD regeneration for the citric acid cycle (CAC) and consequently produce inhibition of CAC enzymes that use NAD (Figs 4, 7) .
During peach development, PEPC may participate in the control of organic acid accumulation in some varieties (Moing et al., 2000) , although this process seems to be controlled at another level rather than just synthesis by PEPC (Moing et al., 1999) . Other genes involved in organic acid synthesis (such as as citrate synthase, NAD-MDH, and NADP-isocitrate dehydrogenase) were not necessarily correlated with changes in organic acid content (Etienne et al., 2002) . Thus, the regulation of the metabolic processes involved in organic acid accumulation during fruit development seems to be controlled at several levels. Nevertheless, during post-harvest ripening, it seems that the enzymes involved in organic acid metabolism may be implicated in facilitating the degradation of stored carbon fuels such as sugars, instead of in the synthesis of organic acids.
Differential proteome analysis of peach post-harvest ripening
By 2D-DIGE analysis, five spots were found to vary in intensity during the post-harvest ripening process (Fig. 6) . Taking into account that the period of time analysed in the present work comprises from peach harvest until the fruit reaches a suitable state for consumption (7 d at room temperature), the numbers of spots identified correlate with proteomic studies performed in other fruits. In this regard, during tomato green-red transition, a process which may take from 8 d to 14 d, only eight or five proteins were differentially regulated by a factor of 1.5, depending on the variety (Rocco et al., 2006) .
The two proteins that were identified in the present work are of great relevance, since Ca 2+ /calmodulin-dependent protein kinases are involved in protein modification of a wide range of protein targets, and initiation factor 4A-2 is involved in protein biosynthesis. The down-regulation of the initiation factor 4A-2 at 7 DAH (spot 341, Fig. 6 ) may be related to the further senescence of the fruit, with the consequent decrease in overall protein biosynthesis. On the other hand, the decrease in the identified protein kinase (spot 290, Fig. 6 ) could be responsible for changes in different enzyme activities that take place during the ripening process. Therefore, these proteins are good candidates for future studies on post-harvest ripening.
Concluding remarks
The relationship between fruit ripening and carbon metabolism is of great relevance due to the role of sugars, organic acids, and fermentative products in the final fruit quality. In the present work, the metabolic processes that occur during post-harvest ripening, prior to human consumption of the fruit, were analysed. Sorbitol and sucrose utilization, glycolysis shunt alternatives, and the fermentation pathway are all induced during this process (Fig. 7) in order to maintain the cellular status prior to senescence. Enzymes such as NI and PEPC were identified as important components of the carbon metabolism operating during peach post-harvest ripening. The future characterization and in situ localization of the distinct NI genes detected will be of importance in understanding the utilization of sucrose during this process. Finally, as more peach EST sequences become available, the study of all the putative transcripts encoding a specific enzyme must be carried out, as suggested from the case for NIs.
